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This document m a y not be reproduced o r published i n any f o r m in whole o r in p a r t without p r i o r approval of the government. a p r o g r e s s r e p o r t , the information h e r e i n is tentative and subject to changes, c o r r e c t i o n s , and modifications. High-temperature X-ray diffraction experiments have provided confirming evidence regarding the origin of the metastable gamma phase and of the g e n e r a l f e a t u r e s of the zirconium-hydrogen phase s y s t e m a s p r e s e n t e d in LAR-8.
Since this i s
T h e s e experiments a l s o showed that the reaction alpha t delta -.
beta (the eutectoid reaction on heating) proceeds at an e x t r a o r d i n a r i l y slow r a t e , although the r e v e r s e reaction p r o c e e d s s o rapidly that beta phase cannot be retained to room t e m p e r a t u r e by quenching,, The sluggishness of the eutectoid reaction on heating has undoubtedly r e s u l t e d i n e r r o n e o u s int e r p r e tation of c e r t a i n physic a1 and mechanical p r o p e r t i e s determined previously i n this and other investigations a Determination of the mechanical p r o p e r t i e s of zirconium hydride containing various m i n o r alloy additions i s continuing. data a r e still quite sketchy, 
INTRODUCTION
A considerable amount of work has been expended in detailing the t r u e n a t u r e of the zirconium-hydrogen system,, foundation, work i s now underway to evaluate the effects of various alloy additions on the mechanical p r o p e r t i e s of zirconium hydride at various hydrogen levels of potential i n t e r e s t f o r m o d e r a t o r applicatipns.
With this f i r m
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EXPERIMENTAL WORK
A.
Zirconium Hydride
In the previous r e p o r t (LAR-8) the n a t u r e and origin of the g a m m a and epsilon phases w e r e d e s c r i b e d i n s o m e detail, work p e r i o d these views w e r e confirmed and expanded by additional exp e r i m e n t s . Also s o m e information was obtained r e g a r d i n g the reaction kinetics of t h e s e p h a s e s , which has a considerable b e a r i n g on s o m e of the e a r l i e r studies.
During the p r e s e n t G a m m a phase was previously d e s c r i b e d a s a n i n t e r m e d i a t e phase in the decomposition of delta on cooling below the eutectoid t e m p e r a t u r e . The p r e s e n c e of g a m m a phase, t h e r e f o r e , should be d e t e r m i n e d by the solubility boundary f o r hydrogen in delta phase (and a l s o , of c o u r s e , by the r a t e of cooling below this boundary). In s e v e r a l X -r a y diffraction r u n s c a r r i e d out recently at p r o g r e s s i v e l y higher t e m p e r a t u r e s it was shown that g a m m a phase disappeared v e r y rapidly when the t e m p e r a t u r e was r a i s e d to a point where this solubility boundary was exceeded, Conv e r s e l y , when the t e m p e r a t u r e was subsequently dropped to a point below the boundary, the gamma phase was found to r e a p p e a r . attempt was m a d e to hold any of t h e s e s a m p l e s at a t e m p e r a t u r e below the solubility boundary to o b s e r v e the slow decomposition of g a m m a to alpha, t h e r e i s little doubt that such a reaction would o c c u r if the t e s t s w e r e c a r r i e d on f o r sufficiently long periods of time.
Although no
Other high-temperatur e diffraction e x p e r i m e n t s w e r e c a r r i e d out to investigate the position of the delta/epsilon boundary and a l s o to i n v e stigate a suspected high-temperature t r a n s f o r m a t i o n thought to occur a t about 600C and 60 a/o hydrogen. on the b a s i s of a s h a r p discontinuity i n mechanical p r o p e r t i e s o b s e r v e d at that point This l a t t e r t r a n s f o r m a t i o n was suspected -6 -LAR-9
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On the b a s i s of s e v e r a l high-temperature X-ray diffraction runs with s a m p l e s containing about 60 a/o hydrogen it was shown that the s u spected transformation at 600C does not exist. enon was o b s e r v e d during t h e s e t e s t s which m a y explain s o m e of the disc r e p a n c i e s i n this region among various investigators. t i m e and t e m p e r a t u r e a p r o g r e s s i v e transformation f r o m delta to epsilon was observed. However, subsequent examination of t h e s e powdered s a m p l e s a f t e r cooling to room t e m p e r a t u r e showed that only the s u r f a c e l a y e r s had t r a n s f o r m e d to epsilon and the transformation was not r e v e rsible. Since the s u r f a c e l a y e r s contained appreciable amounts of oxygen (as verified by the p r e s e n c e of zirconium oxide lines i n the diffraction p a t t e r n s ) it was concluded that the delta/epsilon transformation m u s t have o c c u r r e d a s a direct r e s u l t of oxygen contamination. Edwards, Levesque and Cubicciotti (J. Amer. Chem. SOC. 77, Mar 1955 , 1307 showed that oxygen shifts the delta/epsilon boundary to lower hydrogen contents and introduces a f a i r l y broad delta-plus -epsilon region. The p r e s e n t data confirm this observation and suggest that this accounts f o r the broad two-phase region r e p o r t e d by Atkins The existence of this two-phase delta-plus-epsilon region i s a n apparent contradiction to the suggested PDsecond o r d e r " transformation f r o m delta to epsilon. transformations has never been rigorously proven, s o that i t would s e e m m o r e reasonable to look upon the delta/epsilon transformation a s a simple m a r t e n s i t i c s h e a r ( o r twinning) phenomenon which s e e m s to approach the c r i t e r i a s e t f o r t h f o r a "second o r d e r " transformation.
The a c t u a l existence of so-called "second o r d e r "
Attempts w e r e made to locate the delta/epsilon boundary a t high t e m p e r a t u r e s by m e a n s of X-ray diffraction. epsilon t r a n s f o r m a t i o n (as determined metallographic ally) suggests that it m u s t be a temperature-dependent transformation in which epsilon i s the low t e m p e r a t u r e allotrope. Thus, the boundary m u s t have a finite slope towards higher hydrogen contents with i n c r e a s i n g t e m p e r a t u r e . Attempts to locate this boundary by high-temperature X-ray diffraction, however, have been unsuccessful to date. This suggests that the boundary r i s e s v e r y steeply f o r slight i n c r e m e n t s i n hydrogen content. Also, it i s quite possible that the oxygen contamination experienced i n these t e s t s m a y shift the epsilon boundary to slightly lower compositions (as it apparently does f o r the delta boundary) s o that even higher t e m p e r a t u r e s would have been r e q u i r e d to achieve the epsilon-to-delta transition i n the p r e s e n t
The n a t u r e of the delta/ 
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experiments. highly purified hydrogen gas which will minimize the oxygen-contamination.
In fi t u r e t e s t s this problem m a y be resolved by u s e of High-temperature X -r a y diffraction studies p e r f o r m e d on s a m p l e s which undergo the eutectoid reaction (alpha t delta 'beta, on heating) showed that this reaction is e x t r e m e l y sluggish. s a m p l e containing about 50 a/o hydrogen, only a t r a c e of beta was obs e r v e d a f t e r 5 hours at 600C. before essentially complete transformation occurred. Also, it was of i n t e r e s t to note that s o m e of the low t e m p e r a t u r e delta phase s e e m e d to be p r e s e n t i n this sample even a f t e r 4 hours at 710C. thought that the delta diffraction peaks w e r e splitting, but it was l a t e r concluded that the "split" peaks w e r e indicative of the p r e s e n c e of two delta p h a s e s --one in t r u e equilibrium with the beta phase, the other retained f r o m low t e m p e r a t u r e s in a metastable condition.
it was
This e x t r e m e l y sluggish transformation, incidentally, probably accounts f o r Vaughan and Bridge's observation (J. of Metals, T r a n s . , 8, (no. 5), 1956, 528) that delta phase was tetragonal in the beta-plusdelta region. If the two s t r o n g e s t alpha lines w e r e omitted f r o m their diffraction data, the remaining lines (of those attributed to delta) would index a s f a c e -c e n t e r e d cubic.
-
Another interesting f e a t u r e of this reaction i s that i t goes e x t r e m e l y fast on cooling. p e r a t u r e have been unsuccessful. Repeated attempts to quench the beta phase to room t e m -W i t h these observations on reaction rates i n mind, the i n t e r p r e t a - m o s t t h e r m a l expansion data obtained on s a m p l e s which w e r e heated through the beta-plus -delta region w e r e misleading because equilibrium s t r u c t u r e s w e r e seldom if e v e r attained in this region. Similarly, heat capacity data in this region would r e f l e c t s o m e unknown portion of the latent heat of the eutectoid reaction, thus losing m o s t of their quantitative u s efulne s s
The e x t r e m e sluggishness of the eutectoid reaction on heating a l s o effects the interpretation of the o b s e r v e d mechanical p r o p e r t i e s . the p r e s e n t work p e r i o d a considerable amount of mechanical p r o p e r t y data has been obtained f o r p u r e zirconium hydride to supplement those p r e s e n t e d in LAR-4.
During
These data a r e p r e s e n t e d i n F i g u r e 1 . A s can be 
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SECRET s e e n , the g e n e r a l shape of the tensile c u r v e at 600C i s not appreciably different f r o m that p r e s e n t e d i n LAR-4. that the datum points i n the range f r o m 42.5 a/o to 57 a/o hydrogen w e r e obtained f r o m metastable alpha-plus -delta s t r u c t u r e s . points a t 40 a/o and 42 a/o suggest that these s a m p l e s m a y have attained near-equilibrium s t r u c t u r e s before testing, This i s not a n unreasonable hypothesis since t h e s e compositions a r e i n the all-beta region at 600C and it s e e m s possible that the reaction kinetics in this region could be considerably f a s t e r than those o b s e r v e d i n the beta-plus-delta region. This hypothesis can be readily evaluated by m e a n s of high-temperature X-ray diffraction. However, this equipment h a s r e c e n t l y been inoperable because of electronic difficulties. Consequently, a n a t t e m p t was m a d e to equilibrate two of the tensile specimens p r i o r to testing.
s a m p l e s (44. 5 a/o and 49.5 a/o) w e r e heated briefly into the beta region, cooled and held f o r 1 hour at 600C before testing. s a m p l e s showed a slight improvement in tensile s t r e n g t h ( s e e the two solid datum points i n F i g u r e l ) , neither of them approached the anticipated s t r e n g t h level. P r e s u m a b l y , therefore , t h e s e s a m p l e s did not attain equilibrium beta-plus -delta s t r u c t u r e s .
However, it i s now recognized
The two anomalous T h e s e two While both of these R e f e r r i n g again to F i g u r e 1 , another discontinuity i s apparent at These experiments suggest that the observed discrepancy is not r e l a t e d to a s u r f a c e condition at the t i m e of testing. t h e r e f o r e , that the phenomenon i s indicative of some f a c t o r affecting the bulk material. tween about 60.5 a/o and 62.5 a/o hydrogen, the tensile specimens developed c r a c k s during grinding. The lower l i m i t of this "brittle range" i s j u s t above the observed drop in tensile strength, and the upper l i m i t corresponds to the delta/epsilon transition point. The apparent l o s s of strength at about 60. 0 a/o hydrogen may, therefore, be r e l a t e d to the existence of this b r i t t l e range. That i s , the b r i t t l e range m a y begin at about 60.0 a/o but does not become s e r i o u s enough to prevent successful grinding until compositions above 60.5 a/o a r e reached, It m u s t be a s s u m e d , In all our attempts to obtain tensile data in the region beLittle i s known about this b r i t t l e range except that it is unique to the delta phase--since it is terminated by the delta/epsilon transition. In the study of the hydrided alloys this b r i t t l e range has a l s o been obs e r v e d in s o m e instances. The scandium addition, which shifts the delta/ epsilon transition to higher hydrogen contents, apparently shifts the b r i t t l e region by a like amount. It a p p e a r s , t h e r e f o r e , that the b r i t t l e region is a s s o c i a t e d with hydrogen-saturated delta phase.,
B.
Alloyed Zirconium Hydride
Minor alloy additions a r e being made to zirconium hydride in an Previous studies ( s e e LAR-8) have reduced the kind of alloy attempt to improve the mechanical p r o p e r t i e s of the delta and/or epsilon phases. additions s t i l l under consideration to eight elements ( T a , Cu, F e , Ni, Mo, Al, V, and Sc). A s described in the previous r e p o r t , room t e m p e r a t u r e impact t e s t s proved inadequate f o r screening these alloy hydrides. Consequently, work i s underway to evaluate these m a t e r i a l s by means of tens i l e t e s t s p e r f o r m e d at 600C. p a r e d to the data f o r p u r e zirconium hydride as shown i n F i g u r e 1.
The r e s u l t s of these t e s t s a r e being comIt should be emphasized that the r e s u l t s of one o r two t e s t s f o r a given alloy a r e , i n general, insufficient to provide any s o r t of evaluation f o r that alloy. tion of the shape of the strength-versus-composition c u r v e f o r p u r e z i rconium hydride ( F i g u r e 1) over the region of p r e s e n t i n t e r e s t (approximately 55-65 a/o hydrogen). a r y through solid solution alloying, o r perhaps some change in the extent o r location of the U'brittle range" a r e f a c t o r s that cannot be predicted f o r the various alloy additions. Consequently, only tentative r e m a r k s can be m a d e regarding the effects of specific alloy additions until f a i r l y complete information i s obtained over the e n t i r e range of hydrogen levels. This observation can be readily understood by a considera-P o s s i b l e shifting of the delta/epsilon bound-
In a single test ( r e p o r t e d previously) with a 5 a/o Sc alloy containing 54 a/o hydrogen the ultimate tensile s t r e n g t h was 33,800 p s i --approximately double that o b s e r v e d f o r p u r e zirconium hydride at the s a m e hydrogen content. and a l s o because of its relatively high c r o s s section, subsequent t e s t s w e r e p e r f o r m e d on alloys containing 2. 5 a/o and 1 a/o Sc. However, neither of t h e s e alloyed hydrides showed significant improvements in tensile s t r e n g t h at about the s a m e hydrogen l e v e l (55 a/o). No data a r e available f o r t h e s e alloys in the epsilon region.
Because of the s c a r c i t y of p u r e scandium m e t a l The addition of 2.2 a/o Cu holds s o m e p r o m i s e on the b a s i s of available data inasmuch as specimens have been successfully t e s t e d i n the O'brittle range" and have exhibited moderately high s t r e n g t h s (up to 13,800 psi). This suggests that copper m a y i m p r o v e the toughness of delta phase. At hydrogen compositions j u s t below the "brittle range", the addition of either 0.5 a/o Cu o r 0. 5 a/o F e had no significant effects on the s t r e n g t h of the hydride. Two s a m p l e s containing 0. 5 a/o Cu w e r e t e s t e d in the epsilon region, but the data a r e inconclusive.
T e s t s p e r f o r m e d with additions of 5 a/o A1 o r 1 a/o Mo w e r e a l s o inconclusive as far as strength level is concerned. lybdenum addition a p p e a r s to e m b r i t t l e both the delta and the epsilon phases.
However, the m o -
The addition of 2 a/o T a d r a s t i c a l l y reduced the s t r e n g t h and ductility of the delta phase. region.
This alloy has not been t e s t e d in the epsilon -12-LAR-9
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